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ABSTRACT 
A compact and low-cost wavelength detection system has been designed that works for the 
readout of the distributed feedback (DFB) laser biosensor. The detection system is based on a 
charge-coupled device (CCD) array, and on a guided mode resonance filter (GMRF) that is 
composed of a linear dielectric grating and a linearly graded high-refractive-index titanium 
dioxide (TiO2) thin film, whose thickness varies as a function of position on the surface. The size 
of the setup is almost the same as the size of the CCD chip. The GMRF exhibits linearly varying 
wavelength reflectance characteristics, i.e., resonant wavelength values that are a function of the 
thickness of the TiO2 film. The filter is designed to perform real-time biosensing of a DFB laser 
biosensor that is also composed of a linear dielectric grating, an active dye-doped polymer layer 
and a uniform-thickness TiO2 thin film deposited on its surface. When excited with a high energy 
pulsed Nd:YAG laser, the DFB laser emits narrowband stimulated emission whose wavelength 
changes as a function of the effective refractive index of the DFB structure being excited. 
Alternating oppositely charged polyelectrolyte monolayers have been deposited on the DFB 
surface that generate wavelength shifts in small steps due to increasing thickness of the 
polyelectrolyte stack, thereby changing the effective refractive index with each adsorbed 
monolayer. The gratings for both the graded wavelength filter (GWF) and the DFB laser 
structures are fabricated by a low-cost and high-throughput process of nanoreplica molding. The 
wavelength sensing mechanism is found to be robust and measures wavelength shifts with a 
spectral resolution of 308 pm. 
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CHAPTER 1: INTRODUCTION 
There is a growing need for high resolution, cost effective and portable wavelength detection 
systems for applications in optical biosensing. Many of the spectroscopic and sensing 
applications require that different wavelengths present in an optical beam be spatially separated, 
and compact and inexpensive instrumentation capable of performing this function is desired [1]. 
Traditional methods used for this purpose include diffraction gratings and prisms, but alternate 
techniques that carry out the same function that are inexpensive and compact are also possible.  
Optical sensors share a very small portion of the $50 billion market for sensors, although their 
contribution is increasing [2]. The reason for their smaller popularity is their high cost, because 
the high-quality optical components are expensive and the stringent alignment requirements 
demand vibration-free and robust optical setup. In addition, commonly used fabrication methods 
for optical sensors are generally expensive; these methods include fabrication of nanometer-scale 
features through electron beam lithography, thin film deposition, and the associated cost of 
cleanroom usage. However, many inexpensive fabrication methods have been reported during 
recent years, for example, nano-imprint lithography, ultraviolet (UV) lithography, fiber-Bragg-
grating (FBG) fabrication using femtosecond lasers and fiber drawing process.   
Spectrometry and interferometry are among the most popular traditional methods for wavelength 
detection. However, conventional high-resolution spectrometers and interferometers are 
generally bulky. The reason for the bulkiness of grating-based spectrometers is that the high 
wavelength resolution generally requires a large separation between the grating and the detector 
as shown in Fig. 1, so that different wavelength components can separate from each other well. 
Alternatives to fulfill the current resolution and dynamic range requirements that are inexpensive 
and compact are indispensable. The large scale commercial success of optical sensors has so far 
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been hindered by the high cost and bulkiness of the high-resolution detection systems to be used 
with such sensors. Changes in the physical quantities to be measured—for example, temperature, 
pressure, refractive index and chemical conditions—result in wavelength changes in the optical 
output of the sensor. These wavelength changes can be as small as a few picometers, so compact 
and high resolution detection systems are of broad interest [3].  
 
Fig. 1 Schematic diagram of the grating-based spectrometer. Resolution of the instrument is improved by 
increasing the distance between the grating, mirrors and the detector so that colors can separate from each 
other well. (From [4].) 
 
The latest trends toward nanophotonics and system integration, coupled with advances in 
lithographic technologies, have proved to be a major thrust for miniaturization. As a result, 
during recent years, many innovative, compact and relatively inexpensive methods for laser 
wavelength detection for sensing applications have been reported.  Integrated optical sensors 
incorporating different materials have been a subject of considerable attention owing to their 
potential applications in chemical and biological sensing in lab-on-a-chip applications [5]. To 
realize the integrated optical systems, implementation of different optical functionalities on a 
chip is very important. One of the most attractive features of these sensors is their compactness 
so they can be used for biosensing of samples generally available only in small quantities, for 
example, blood and DNA. Moreover, there is a possibility that photonic and electronic 
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functionalities can be implemented on a single substrate, so the whole sensing setup can be 
fabricated on a microchip. Integrated optical sensors can be implemented through a variety of 
schemes; for example, spectral analysis can be performed on the basis of absorption [6], Raman 
effects [7] or fluorescence [8].  
1.1 Wavelength detection by spectrometry 
One of the steps required for performing sensing involves spectrometry, which is generally done 
through off-chip detection systems [9] or stand-alone off-chip spectrometers [10, 11]. This step 
is responsible for the increase in the overall device size and degraded performance, and the 
sensors are no longer compact. Hence integrated on-chip spectrometers are highly desirable. 
Implementation of on-chip spectrometers for integrated optical systems through different 
methods has been proposed [12, 13]. However, several technical challenges are hindering their 
implementation in practical lab-on-a-chip systems. These challenges include size, compatibility 
of materials in integrated systems, and resolution levels significant for practical applications.  
There are two basic requirements that a good spectrometer has to fulfill: first, it should provide 
spectral to spatial mapping with enough scaling so that the wavelength of an unknown spectrum 
can be estimated on this basis. Second, there should be good enough isolation between the output 
signal and unwanted contribution (e.g., from stray light). 
Momeni et al. reported a photonic crystal (PC) based on-chip spectrometer for sensing 
applications in 2009 [7]. Their design is based on the dispersion engineering in PCs that 
incorporates a recently reported demultiplexing concept [14]. PCs are used because of their 
strong dispersive properties. Strong dispersion and signal isolation are notable attributes of this 
compact on-chip structure. The device has dimensions of 80 µm x 220 µm and is demonstrated 
to be able to differentiate between spectral features with a resolution better than 10 pm over a 
4 
 
wavelength range of 50 nm around a center wavelength of 1550 nm. A schematic diagram of the 
PC based spectrometer is shown in Fig. 2(a). The spectrometer is precise enough to detect sharp 
spectral features and fulfills the requirements of compact and integrated sensing applications, 
with a much smaller size than its counterparts offering comparable performance. The 
spectrometer design exploits three properties of PCs simultaneously. Diffraction compensation 
[15] and superprism effect [16] are combined to spatially separate different frequencies in a 
compact structure [17]. Moreover, the desired signal can be isolated from unwanted 
contributions (e.g., stray light, out-of-band frequencies or power in unwanted polarizations) [16] 
by designing the structure in the negative refraction regime [18].  
Superprism effect is the phenomenon of unusually strong dispersion of light in PCs in 
comparison to the dispersion caused by conventional prisms, and was reported by Kosaka et al. 
in 1999 [18]. Because of this effect, different wavelengths present in the incident optical beam 
separate in angle after entering the structure. Then the negative diffraction effect focuses the 
propagating multiple-wavelength signals inside the PC structure. These signals get separated 
from the stray light by negative refraction. These three properties are combined simultaneously 
to obtain spectral-spatial mapping in the form of a very powerful and compact spectrometer. An 
array of waveguides collects the output from the PC structure as shown in Fig. 2(b), for analysis 
and detection. 
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Fig. 2 (a) Schematic diagram of the proposed spectrometer. (b) Scanning electron microscopy (SEM) 
image of the structure. Insets show the PC interface with the waveguide arrays that sample the output 
from the PC region. (From [7].) 
 
The PC based spectrometers to be used for sensing applications are designed so that even small 
spectral features (e.g. Raman peaks) can be detected in the presence of noise [19]. To fulfill this 
requirement, the PC structure should be such that there is low insertion loss and maximum 
spatial-spectral diversity. Keeping this in mind, the proposed on-chip spectrometer is designed 
with air holes in the form of a square lattice on a planar silicon-on-insulator (SOI) substrate using 
electron-beam lithography and dry etching. Figure 1(b) shows SEM images of the structure that 
depict the details of the input interface and the array of output waveguides. The structure is made 
up of a 45° rotated lattice and is illuminated by TE-polarized light (electric field is in the plane of 
periodicity of the PC structure) at an incident angle of 15°. This remarkably compact 
spectrometer with a size of 80 µm x 220 µm can be integrated to the transducer components 
while keeping the setup compact. The high wavelength resolving power of this spectrometer 
stems from the fact that all the information gathered from the device is used to extract a single 
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quantity, i.e., the central wavelength of the spectral feature. The resolution of the spectrometer 
deteriorates as more information is extracted. The resolution, however, is not compromised if the 
spectral features have enough wavelength separation between them. For example, in biosensing 
applications, typical Raman spectra of interest have Raman peaks separated by 10-20 nm [20]. 
Hence multiple analytes on the same chip can be detected using this PC spectrometer, provided 
sensing is performed in a multiplexed scheme. 
As the wavelength of the incident light changes, the power distribution in the array of output 
waveguides varies due to spatial-spectral mapping. The superprism effect causes beam steering 
as a function of input wavelengths. However, this spectrometer cannot be used for conventional 
detection of analog spectrum with a wide bandwidth, but is designed to detect individual spectral 
features (e.g. Raman spectrum or resonator peaks) with high accuracy. 
This spectrometer has the advantage of design flexibility due to dispersion engineering of the 
PC. Due to its very compact size, a variety of new sensing mechanisms and ultracompact lab-on-
a-chip devices featuring spectral analysis capabilities can be implemented. However, in this 
spectrometer, the experimentally measured calibration data is used to estimate the unknown 
wavelength of an incident light in the presence of noise. A maximum likelihood criterion is used 
for that purpose, and a set of measured powers in the output waveguide array for the unknown 
input is correlated with the calibration data, so that the wavelength with the maximum 
correlation factor is deemed the actual wavelength of the input light [7]. This introduces a 
wavelength estimation error that increases with increasing noise levels at the output. Hence the 
performance of the proposed spectrometer deteriorates in the presence of high noise. This can be 
improved by increasing the signal-to-noise (SNR) ratio of the measurement. Moreover, the 
demonstrated spectrometer has a high insertion loss of 8dB (in comparison to noise in a normal 
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waveguide on the same substrate).  The amount of loss can be reduced with efficient light 
coupling and proper matching stages that reduce scattering and reflection losses at the interfaces 
[7]. 
1.2 Linear variable filter (LVF) based wavelength detection 
In 2006, Kiesel et al. reported an inexpensive, chip-size and high resolution wavelength 
interrogation unit based on a GaAs/AlAs Fabry-Perot filter fabricated by molecular beam epitaxy 
(MBE) that is coated on a photodetector [2]. The LVF is fabricated by sandwiching a Fabry-
Perot cavity with linearly varying thickness between two homogeneous distributed Bragg 
reflector (DBR) mirrors, as shown in Fig. 3(a). The resulting structure exhibits a linearly varying 
transmission response to incident monochromatic light, such that only a narrow band of 
wavelengths gets transmitted through each location on the filter, and the transmitted intensity 
distribution strongly depends on the thickness of the sandwiched cavity. Hence there is a uniform 
change in transmitted wavelengths along the lateral dimension of the filter. The tilt of the LVF is 
controlled precisely to achieve desired wavelength range and resolution.  
The LVF provides high spectral resolution because of the small gradient and narrow full-width-
at-half-maximum (FWHM) of the transmission band.  The LVF is used in combination with a 
large area photodetector having two output currents, and the differential current readout helps in 
precisely determining the centroid of the incident light. The 2.5 mm photodetector can detect the 
centroid with 0.1 µm accuracy.  The product of the photodetector accuracy and the LVF gradient 
defines the resolution of the system. The sub-picometer resolution has been demonstrated by 
using it with a tunable vertical cavity surface emitting laser (VCSEL). The VCSEL used has a 
center wavelength of 950 nm and a tuning range of -2 to +3 nm. The emission wavelength is 
precisely tuned by changing the laser current.  
8 
 
      
Fig. 3 (a) Incident light passes through an LVF with laterally varying transmission properties that 
converts spectral into spatial information. (b) Detection of small wavelength change in the incident light. 
(From [2].)  
 
The time sequence of the differential current (I1-I2)/ (I1+I2) of the photodetector is converted to a 
voltage signal by using a differential amplifier, and is shown in Fig. 3 (b). The differential signal 
is only affected by the wavelength of the incident light and does not depend on its intensity. It is 
apparent that wavelength changes as small as 0.2 pm are easy to sense. The LVF based setup can 
be used with any optical sensor that results in a wavelength shift in its output monochromatic 
light due to change in the physical quantity being sensed. 
As mentioned before, the LVF mentioned above is customizable for high resolution as well as 
large dynamic range. In a different experiment, Kiesel et al. have demonstrated another LVF 
with an operating range of 70 nm that provides a resolution of 3.5 pm [2]. It is used to detect 
bigger wavelength changes in a spectrally filtered incident light beam from a halogen lamp. 
Apparently there has been a compromise on the initially available sub-picometer resolution, but 
the resolution obtained is good enough for many sensing applications, while the operating range 
has considerably increased. The system is attractive because it is not very sensitive to the spectral 
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FWHM of the input light. It has also been used to interrogate the fiber-Bragg-grating 
temperature sensors and is able to sense temperature changes as small as 0.1°C, and is much 
simpler and smaller than the other systems with comparable accuracy.  
Many interrogation systems work on the principle similar to the one discussed above, with the 
exception that in those setups, a broadband light beam is directed onto the sensor and the spectral 
analysis of the narrow band transmitted or reflected light provides the required information [21]. 
This can be done by using gratings/prisms or interferometric techniques. However, these 
approaches are generally expensive, and result in bulky equipment owing to the inter-component 
distance requirements in order to achieve desired levels of dispersion or interference through 
grating/prism or interferometer respectively. More cost-effective and compact methods have also 
been reported, for example, photodiode arrays coated with bandpass filters that allow only a 
small band of wavelengths to pass through to the photodiodes [22], which is similar to Kiesel’s 
approach. In another design, the incident-wavelength dependent transmission or reflection 
intensity variation of a broadband filter can be incorporated, as reported by Melle et al. [23]. 
These methods [4, 5] are generally very robust and compact, but their drawback is that the 
designs can be customized for either high resolution or broad dynamic range, but not both at the 
same time. The sensing setup demonstrated by Kiesel et al. is superior in this respect in that it 
provides both high resolution and wide dynamic range simultaneously [2]. 
Some of the aforementioned designs [2, 4, 5] incorporate light detectors that provide spatial 
information, for example, charge-coupled device (CCD) chips, photodiode arrays or 
complementary metal-oxide semiconductor (CMOS) arrays. These photosensitive elements are 
used in combination with filters having laterally varying reflection/transmission characteristics as 
shown in Fig. 3, so that the setup correlates the wavelength information and the position on the 
10 
 
filter. The information about the incident beam characteristics can be extracted from the spatially 
dependent signal at the detector. By choosing suitable materials, filters can be designed for a 
broad spectral range, from deep ultraviolet to the far-infrared range and beyond. Depending on 
the application, these filters can be designed either for wide spectral range or high resolution or 
both, and can generally be fabricated using conventional technology that makes their fabrication 
cost-effective. 
1.3 Interferometry-based wavelength detection 
Conventional interferometers are generally bulky and the interference is observed in free space. 
On-chip interferometers generally incorporate a Mach-Zehnder setup [24], whereby the intensity 
of interference of guided waves at a single port carries information about phase difference 
between the two arms. Their dynamic range is limited in such setups due to phase wrapping. This 
drawback can be overcome if the interference pattern can be projected onto a detection plane on 
the chip instead of a single output port. The dispersive properties of the material used in such a 
structure, and the propagation length, will determine the sensitivity in such interferometers. It has 
been shown that the sensitivity of interferometers can be improved by using the high dispersion 
in slow-light media [25].  PCs have shown strong dispersive properties outside their photonic 
bandgap [26].  
Chamanzar et al. have reported on a PC based compact interferometer in 2009 [27]. By being 
able to observe the output pattern of spatial interference forming along a detection plane, coupled 
with the unique dispersive properties of PCs, a highly sensitive on-chip interferometer has been 
realized that provides new potentials for integrated optical devices. Based on the choice of the 
host materials, these interferometers can be designed to operate in any desired range, from 
ultraviolet to infrared. The structure of the proposed device is shown in Fig. 4, and consists of a 
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square lattice PC rotated at 45° on an SOI substrate. The structure has width d, radius of PC 
holes r, lattice constant a, and length L in the direction of propagation. The interferometer has a 
size of 50 x 70 µm2 and it operates around 1560 nm. The two refracted beams produced by an 
incident collimated beam interfere at the detection plane. The design of the output interfaces is 
such that the dispersive properties of the PC are conveyed to the output wave vectors through 
phase matching at the interfaces. Hence the dispersive properties of PC modes directly affect the 
resulting interference pattern. The buffer layers shown in Fig. 4 incorporate PCs having different 
radii and lattice constants so that the PC mode in each arm can be precisely matched to the 
corresponding output fundamental diffracted order mode, and the higher order diffracted modes 
are not excited [28]. The high sensitivity in the interferometric operation is achieved through the 
strong dispersive properties of the PC.  
 
Fig. 4: Schematic diagram of the PC interferometer. (From [3].) 
The strong wavelength sensitivity of the proposed interferometer can be exploited for sensing 
and spectroscopy applications.  The interferometer provides spatial to spectral mapping such that 
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the output spatial intensity depends on the incident wavelengths; hence, the spectral content of an 
optical signal can be extracted for spectroscopy, or variations in spectral content are analysed for 
sensing applications. The detection capability of the interferometer is quantified by the 
normalized spectral cross-correlation function that defines the magnitude of the difference 
between the interference patterns at the two wavelengths. The spectral resolution depends on the 
FWHM of the cross-correlation function, and a smaller FWHM provides better resolving power. 
However, some practical issues need to be addressed; for instance, the period of interference 
pattern should be large enough for ease of detection.  
The interferometer can be used as a sensor in lab-on-a-chip applications, where the phase 
difference between its two arms can be measured, when they are excited by a monochromatic 
light source. In such a configuration, one arm of the interferometer has an analyte sample 
infiltrating in the PC holes or sits on the structure and induces a phase difference between the 
two arms due to a change in the effective refractive index. The amount of this phase change 
carries information about the analyte and can be used for sensing. The performance of the 
proposed interferometer is determined by the architecture of the device and the dispersion 
properties of the PC. A required resolution can be obtained from a particular size of the device 
by using a strongly dispersive PC.  
The proposed interferometer has some inherent problems that need to be addressed, for example, 
insertion loss, coupling of input and output, and propagation loss. For instance, the performance 
of the interferometer is seriously affected by inefficient input/output coupling as unwanted 
modes are excited that appear at output as undesired interfering signals. The undesired modes 
can be avoided by using an on-chip collimating mirror at the input interface that forms a 
collimated incident light beam, hence guaranteeing the excitation of only the desired PC modes 
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at each wavelength, and the input spatial harmonic spread can be minimized. Moreover, the 
dispersion of the PC varies with frequency, which limits the operating bandwidth of the device. 
For a specific PC structure, an increase in the resolution results in a decrease in the bandwidth, 
and vice versa. Hence a compromise has to be made between the size of the device, the spectral 
resolution and the operating bandwidth. 
1.4 Guided mode resonance (GMR) filters for wavelength detection 
In addition to the above mentioned techniques for wavelength detection, GMR in PCs can also 
be utilized for designing wavelength sensitive filters, which in turn can be used to design 
compact, high-performance and cost-effective wavelength detection systems [29]. The GMR 
phenomenon in planar dielectric waveguide gratings was first published by Wang et al. in 1990 
[30]. In 1992, Magnusson and Wang [31] reported that GMRFs could be used potentially for 
polarization-sensitive filtering, high precision sensing and electro-optic switching. Sharon et al. 
used a GMRF for electro-optic modulation in 1996 [32], and Rosenblatt et al. performed the 
numerical and analytical investigation of the resonance phenomenon in the GMRFs as a function 
of geometric and optical parameters of the structure and incident radiation in 1997 [33]. 
Cunningham et al. demonstrated use of the GMRF as an optical biosensor in 2002 [34]. Dobbs et 
al. reported on an optically tunable GMRF in 2006 [35] and Ganesh et al. used a graded 
wavelength GMRF in 2007 for wavelength detection of a tunable laser [28].  
This document discusses the design, fabrication and demonstration of a compact wavelength 
detection setup to be used in conjunction with a DFB laser biosensor. The wavelength detection 
system comprises a graded wavelength GMRF and a charge-coupled device (CCD) array, and is 
used to perform real time sensing of polyelectrolyte monolayers. The performance of the 
detection system is evaluated on the basis of resolution and robustness. 
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One notable feature of the proposed system is that it is designed to work for wavelength 
detection of a pulsed DFB laser. This functionality is obtained by synchronizing the data 
acquisition of the CCD array with pulses of the DFB laser, so that the CCD records data only 
when pulse is present and there is no data acquisition when pulse is absent. The wavelength 
detection systems already described including the PC based spectrometer, interferometer and the 
LVF based systems can also be used for pulsed-laser wavelength detection. In many systems, 
however, only the wavelength of a continuous-wave laser can be detected; for example, if the 
position-sensitive device shown in Fig. 3(a) is a large-area photodetector with analog current 
outputs whose relative magnitudes determine the intensity distribution of the incident light on the 
detector, it can only be used in the continuous mode. If it is used with a pulsed laser, it will be 
continuously taking measurements even when the pulse is absent, which will nullify the results. 
A switching mechanism that can synchronize data acquisition with pulses of the laser will make 
it compatible with pulsed-lasers.   
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CHAPTER 2: BACKGROUND AND MOTIVATION 
Biosensors and chemical sensors have been topics of great interest over the last two decades 
because of their huge potential impact on the areas of biomedical research, pharmaceuticals, 
healthcare, security and environmental monitoring [36, 37, 38, 39]. Most biosensors utilize 
electrochemical, electrical, acoustic, mechanical, magnetic or optical transducers for sensing. 
This work focuses on the development of a detection instrument for a biosensor that incorporates 
an optical transducer called the DFB laser biosensor. This transducer converts a molecular 
detection event into an optical signal, whose magnitude carries information about the nature of 
the molecule. The optical signal generated by the DFB laser biosensor is in the form of a shift in 
the wavelength of the narrowband stimulated emission it emits.  
Optical biosensors offer many significant advantages over other kinds of biosensors; for 
example, these devices facilitate non-contact signal exchange. In other words, they do not require 
physical contact between the transducer and the excitation/detection setups. Other advantages of 
optical biosensors are that these are compatible with most bioassays, capable of large scale 
integration, immune to electromagnetic interference, and have low background noise. 
A schematic diagram of a typical optical biosensor is shown in Fig. 5. A chemically selective 
surface (shown in green) is immobilized on the transducer surface, and usually incorporates 
biological materials, for example functional proteins or ligands [40]. The analyte to be detected, 
such as cells, proteins or biological compounds, is then adsorbed on the bioselective receptor 
surface. The transducer is excited with an excitation source, and the interaction between analyte 
and the sensor surface results in variation in the output optical signal. This signal is transferred to 
the detection instrument and is analyzed to know more about the analyte. 
 Fig. 5: Schematic diagram of 
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Many label-free optical biosensors utilize an evanescent-field sensing technique for sensing of 
the refractive index change caused by adsorption mass to the bioselective layer. This method has 
the inherent benefit that the detection signal is independent of the sample volume [40], which is 
of great significance when only a limited quantity of analyte is available.  
2.1 The DFB laser biosensor 
The DFB laser biosensor discussed in this thesis is a label-free optical sensor that has high 
resolution and high sensitivity. This device is different from conventional passive optical 
resonator biosensors because it actively emits its own narrowband light upon excitation, and 
generates shifts in the emission wavelength resulting from the interaction between the evanescent 
portion of its resonant modes and the target molecules [43]. Such resonance based active sensors, 
especially the laser based optical biosensors [44, 45, 46], are of great interest as they generate 
their own narrowband stimulated emission and do not require complex instrumentation or high 
efficiency coupling of the excitation light to the device [43]. The DFB biosensor used in the 
experiments generates a narrowband stimulated emission in the range of 585-620 nm when 
excited by a beam of a frequency doubled Q-switched Nd:YAG laser (λ = 532 nm, 10 ns pulses). 
When the surface of the DFB laser biosensor is exposed to the adsorbing biomaterial, its 
emission wavelength shifts due to change in the effective refractive index of the structure, and 
hence it can be used to perform biosensing and kinetic monitoring of the surface-adsorbed mass. 
Many optical resonator-based biosensors (including the DFB laser biosensor) work on the 
principle that when the sensor surface is illuminated with light having a range of incident 
wavelengths or angles, only a narrow band of wavelengths or angles is reflected back or 
transmitted through the structure due to the optical resonance phenomenon [47]. The range of 
these wavelengths or angles depends on the resonance condition. Binding of analyte on the 
18 
 
sensor surface results in a different resonance condition that causes the range of these 
wavelengths or angles to vary as a function of physical parameters of the analyte. This change is 
detected by the detection instrument and is analyzed to characterize nature of the analyte.  
The resolution of resonance-based optical biosensors improves with increasing narrowness of the 
resonance, because it is easier to detect small changes in the reflected/transmitted range of 
wavelengths or angles. The narrowness of the resonance peak is mathematically expressed as a 
dimensionless number called ‘Quality Factor’ or Q-factor, where Q = ο/∆λ for a wavelength-
based resonator. Here, ο is the central wavelength of the resonance peak, and ∆λ is the spectral 
width at the peak half-maximum. Biosensors with high Q-factors provide narrow bandwidth 
response and hence a better resolution. Optical biosensors have a wide range of Q-factors; for 
example, surface plasmon resonance (SPR) biosensors have Q~15 while microtoroid biosensors 
have Q~108 [47].  
A typical emission spectrum of the DFB laser biosensor recorded by spectrometer is shown in 
Fig. 6. The PWV is ~586 nm and the FWHM is ~0.3 nm. Assuming a uniform FWHM 
throughout the operating spectral range of the device, its Q-factor varies from 1950 to 2067 
corresponding to the PWV ranging from 585 nm to 620 nm respectively. 
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Fig. 6: Emission spectrum of the DFB laser biosensor recorded by a spectrometer. 
2.2 Motivation: Need for a compact and high-resolution wavelength detection system 
As explained before, the optical signal generated by the DFB laser biosensor as it detects target 
analyte is in the form of a shift in wavelength of the stimulated emission. Depending on the 
nature of the analyte, the magnitude of this shift can range from a few nanometers to as small as 
a few picometers. The overall tuning range of the DFB laser biosensor used is not more than 15-
20 nm for most of the biomolecules of interest [43], so a detection instrument is desired that 
provides picometer-scale resolution while the operating range need not be more that 15-20 nm.  
Traditional wavelength detection systems providing high resolution are expensive and bulky, as 
explained in Chapter 1. As opposed to the general usage of wavelength detection systems for 
broadband applications, the detection system desired for the DFB laser biosensor needs to be 
specialized in that it should provide high resolution while the broad operating range (typically a 
few hundred nanometers for most spectrometers) can be compromised because the operating 
range of the biosensor for which it is to be designed is not more than 20 nm. The other desirable 
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attributes of the detection system are low fabrication cost and compactness to obtain a portable 
detection instrument.  
2.3 The graded wavelength filter (GWF) 
The compact and low-cost wavelength detection system designed for readout of the DFB laser 
biosensor consists of a CCD chip and a PC based device termed the GWF. A major portion of 
this thesis discusses the principle of operation, fabrication, characterization and use of this device 
to perform real-time biosensing of the DFB laser biosensor. In brief, the GWF is designed in 
such a way that each location along its length reflects a unique incident monochromatic 
radiation, termed peak wavelength value (PWV), with high reflection efficiency if the incident 
wavelength lies in the operating range of the GWF. This results in a transmission intensity 
minimum across the GWF at a unique location for each wavelength, and is detected by the 
attached CCD array. The operating range is customizable and is adjusted by controlling the 
physical parameters of the GWF structure. There is a linear variation in the relevant physical 
parameter of the device along its length, which results in a corresponding linear variation in the 
PWV. The GWF can be used to resolve shifts in the wavelength of an incoming monochromatic 
optical beam with high resolution, as discussed in the next chapter. The device is fabricated on a 
glass substrate using an inexpensive fabrication process, and provides a spatially resolved 
resonant reflection of the incident beam, whereby location of the resonant reflection is governed 
by the wavelength of the incident beam. 
It is noteworthy here that each location on the GWF structure is opaque to a unique wavelength 
value and is transparent to other wavelengths. In order to perform biosensing, the incident optical 
beam needs to be monochromatic, because otherwise each location along the GWF will be 
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transparent to many incident wavelengths, and no transmission intensity minimum will be 
observed on the CCD.  
  
 CHAPTER 3: 
3.1 The DFB laser biosensor operation
The DFB laser biosensor incorporates a grating and an organic gain layer upon a 
terephthalate (PET) substrate. The device actively generates its own narrowband light, whose 
wavelength strongly depends on the refractive index of the bu
device provides a large dynamic range, high sensitivity and simple excitation/emission
without any stringent alignment requirements
biosensor is shown in Fig. 7. 
Fig. 7: A schematic cross
The DFB device used in the experiment is made up of a second order Bragg grating that supports 
a vertically emitting mode by the first order diffraction
on the substrate acts as a cladding layer, on which is deposited a thin film of 
index polymer that provides vertical light confinement and feedback along the horizontal 
direction [43]. This high index layer is doped with a laser dye, so it contributes to light 
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a high refractive 
 amplification of the cavity oscillation mode. The thickness of t
is adjusted so that it exhibits a single mode radiation to facilitate the determination of the laser 
wavelength shift. If the refractive index of the medium exposed to the DFB laser surface is 
altered or if biomolecules a
associated with the resonant mode, the wavelength of the stimulated emission changes and the 
amount of wavelength shift can be used for detection and biosensing. 
3.2 The GWF operation 
The GWF is fabricated by patterning a dielectric grating on a glass substrate using the 
nanoreplica molding that is described in the next section
deposited a layer of TiO2 via sputtering such that its thickness linearly
the device to the other along its length. A 
Figure 8: A schematic cross
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When a beam of TM polarized (polarization perpendicular to the grating lines) broadband light is 
directed at normal incidence onto the GWF surface, a narrow band of wavelengths is reflected 
back from the structure. The central wavelength in this narrow band of the reflected light is 
termed as the peak wavelength value (PWV) of the GWF. The PWV depends heavily on the 
refractive indices and the thicknesses of all the layers comprising the GWF. If the thickness of 
one of these layers varies linearly along the filter while all others thicknesses remain constant, 
this causes the effective refractive index, and thus also the PWV, to change linearly in a similar 
fashion. A typical PWV measurement of the GWF depicting a reflection efficiency of ~85% at λ 
= 612 nm is shown in Fig. 9. As is evident from this figure, the FWHM of the reflected TM 
polarized light is ~8 nm at a PWV of 612 nm. 
 
Figure 9: Measured normal-incidence transmission spectra with TM polarization for the GWF with PWV 
= 612 nm and a FWHM of ~8 nm. 
 
Sub-wavelength gratings coupled to the waveguides can cause a resonance phenomenon by 
exciting the guided modes of the waveguide by higher evanescent diffracted orders of the grating 
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[49]. These leaky modes are guided for only a finite time, and are radiated in both forward and 
backward direction from the structure [29]. These waves undergo destructive and constructive 
interferences with the zeroth forward and backward diffracted orders of the grating. As a 
consequence, there is a strong reflection from the structure at a particular resonant wavelength, 
while other wavelengths can pass through unhindered. The ideal reflection efficiency is 100%, 
and is limited only by the practical considerations, for example, fabrication/material defects, and 
the non-plane-wave nature of the incoming light. With deliberate design of the GWF physical 
parameters and materials, filters for a wide range of wavelengths, spanning from near-UV to the 
microwave range, can be designed and used for biosensing and filtering applications [50].  
Leaky modes are excited in the periodic TiO2 structure owing to its highest refractive index in 
the whole structure. As the incoming light is at normal incidence, only the zeroth order waves 
exist outside the structure and are coupled to a symmetric resonance involving the ±1 evanescent 
diffracted orders [29]. The symmetric nature of coupling causes the second order Bragg 
condition to be satisfied [33], resulting in strong in-plane confinement of the resonant mode via a 
standing wave. 
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CHAPTER 4: EXPERIMENTATION 
4.1 Fabrication of the GWF 
The GWF shown in Fig. 8 consists of a one-dimensional grating fabricated on a rectangular PET 
substrate along its width by patterning a UV curable polymer through the nano-replica molding 
process [1] explained in Section 4.1.1. The grating has a period of 400 nm and a step height of 40 
nm. The PET substrate containing the grating patterns is attached onto a glass substrate using a 
double-sided adhesive. As a final step in the GWF fabrication, a thin film of high-refractive-
index TiO2 (n = 2.1 [43]) is deposited on the grating surface via RF sputtering such that the film 
thickness is linearly varying along the device length. The method to deposit the linearly graded 
TiO2 film is explained in Section 4.1.2.  
4.1.1 The nano-replica molding process 
In order to pattern the dielectric grating using the nanoreplica molding process, a master silicon 
wafer containing the required 50% duty ratio grating pattern is fabricated using deep ultraviolet 
(DUV) lithography. A few drops of a UV curable liquid polymer (n = 1.39 [43], Zipcone PP1-
ZPUA, Gelest) are squeezed between the master wafer and a flexible PET substrate using a 
heavy roller in order to get rid of all the air bubbles at the interface and wet the whole wafer and 
PET surfaces facing each other [43]. This sandwiched polymer fills in all the grating groves and 
is cured under a UV lamp for 90 s. The silicon wafer is silane-treated in order to avoid its 
adhesion to the cured polymer. However, the polymer layer adheres well to the PET substrate 
and hence this polymer-substrate complex is easily peeled off the wafer. This results in a 
negative image of the grating duplicated onto the PET substrate as a cured polymer-based 
grating, and is similar to the grating on the master wafer because of the 50% duty ratio. The 
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peeled off PET substrate bearing the grating pattern is finally attached onto a rectangular glass 
substrate using a transparent double-sided adhesive, and is ready for the TiO2 deposition.  
4.1.2 Deposition of linearly graded TiO2 layer 
The linearly graded layer of high index TiO2 is deposited on the grating surface using the highly 
directional nature of the RF sputtering (PVD 75, Kurt J. Lesker) [1]. The deposition parameters 
are adjusted so that the film thickness increases linearly from 50 nm to 115 nm along the 21 mm 
long portion of the device. The sputtering parameters used were 1.5 mTorr argon pressure, argon 
flow rate of 8 SCCM, RF power of 300 W and a sputtering time of 72 min. Sputtering is done by 
fixing the device facing downwards near one end of the sputtering chamber, while the 4-inch 
diameter TiO2 target is being sputtered facing upwards, near the opposite end of the chamber. 
This results in a high deposition rate exactly above the target, and the deposition rate decreases 
with increasing distance from the target, as depicted in Fig. 10. Hence the end of the sample 
closer to the target receives more TiO2 than the farther end. By adjusting the deposition time and 
sample-to-target horizontal and vertical distances, desired range and gradient of the film 
thickness can be obtained. The TiO2 film thickness gradient is found to be almost linear on the 
whole GWF surface as measured by ellipsometry. However, the final surface resulting after TiO2 
sputtering does not have sharp contours as are present on the nanoreplica molded grating 
structure underneath, because a small thickness (<20 nm) of TiO2 also gets deposited on the 
sidewalls of the grating, as was observed by SEM. 
There is a linear relationship between TiO2 thickness and the effective refractive index (neff) of 
the GWF structure. Moreover, neff also has an almost linear relationship with the PWV of the 
narrowband light reflected by the GWF. As a result, a PWV linearly varying along the device 
 length is obtained that ranges from 
of the GWF (that is just attached to the pixels on the CCD array)
Fig. 10: (a) Deposition rate decreases with increasing distance from the sputtering target
 
4.2 Fabrication of the DFB laser
The DFB laser is fabricated by patterning a one
on a PET substrate by the nanoreplica molding process. The grating surface is O
for 30 s to make the surface hydrophilic. It is then coated with a thin polymer film incorporating 
an organic laser dye via spin coating
mixing 5 mg/ml solution of Rhodamine 590 dye in CH
Microchem) to a volume percentage of 10%. The mixture 
polymer grating surface at 5000 rpm for 30 s
min to remove solvent, photo
exposure dose of 60 mJ/cm2
gain/waveguide layer has a thickness and refractive index of 300
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as measured by the ellipsometer (VASE, J.A. Woolam). Finally, a uniform-thickness thin film of 
high refractive index TiO2 is deposited on the DFB laser surface using RF sputtering (PVD 75, 
Kurt J. Lesker) to improve biomolecular immobilization and sensor sensitivity [43, 51]. To 
obtain a uniform thickness of TiO2 film over the whole surface of the DFB laser, the device is 
placed in the sputtering chamber at such a position that the deposition rate over the whole surface 
is same. A schematic diagram of the DFB laser biosensor is shown in Fig. 7. 
 
  
 5.1 Characterization of the GWF
The PWV measurements for the GWF are
normal incidence on both sides of the GWF, with a 
illuminating fiber and the filter, as shown in Fig. 11
using this setup has already been shown in Fig. 9
Fig. 11: Experimental setup for measuring
 
Light from a broadband tungsten
using one fiber, and the transmitted light is collected using t
connected to a spectrometer (USB 2000, Ocean Optics)
nm. This narrow band gets reflected from the filter and is 
intensity spectrum being recorded by the spec
recorded spectrum, and the central wavelength in this dip representing the minimum transmitted 
intensity is the PWV of resonance for that particu
shown in Fig. 11, a set of PWV measurements recorded at six different locations along the length 
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linear polarization filter
. A typical PWV measurement recorded 
. 
     
 PWV of the GWF using a broadband light source.
-halogen source (LS-1, Ocean Optics) illuminates the filter 
he fiber on the other side, which
 with a wavelength range of 177 nm 
thus missing in the 
trometer, as shown in Fig. 9
lar location on the GWF.
 in between the 
     
  
 is 
- 877 
transmission 
. It causes a dip in the 
 By using the setup 
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of the GWF is shown in Fig. 12. The FWHM of the reflected light is found to be ~8-10 nm 
throughout the operating range of the GWF, and a positive PWV shift along the device length 
due to increasing thickness of TiO2 is evident.  
 
Fig. 12: Measured normal-incidence transmission spectra with TM polarization at six locations along the 
GWF length recorded by the setup shown in Fig. 11. 
 
As mentioned previously, there is a linear relationship between the TiO2 thickness and the 
reflected PWV. This fact is demonstrated in Fig. 13, where a computer simulation of the GWF 
grating structure using a simulation package (DIFFRACTMOD, RSoft) is shown. Using the 
setup shown in Fig. 11, the PWV map of a GWF is measured over its whole area of 20x60 mm2 
at a grid size of 1 mm2, and is shown in Fig. 14. It shows an almost-linear PWV shift response of 
the GWF with varying TiO2 thickness along its length. 
 
 Fig. 13: Simulation results showing linear relationship between TiO
Fig. 14: PWV map of a GWF for 
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2 thickness and PWV of 
a grid size of 1 mm2 over an area of 60x20
 
the GWF. 
 
 mm2. 
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5.2 Reference results for the sensing experiment 
As mentioned previously, the wavelength of light emitted by the DFB laser is sensitive to 
changes in refractive index of the media exposed to the sensor surface. The sensitivity decreases 
with increasing distance from the sensor surface, due to decreasing strength of the evanescent 
modes. The sensitivity is characterized by stacking oppositely charged polyelectrolyte 
monolayers on the sensor surface and measuring the shift in PWV of the emitted light caused by 
each monolayer, using both a spectrometer and the GWF-CCD setup [52]. With reference to the 
DFB laser, PWV is the central wavelength in the narrow band of the stimulated emission. The 
polyelectrolytes used are anionic poly (sodium 4-styrenesulfonate) (PSS) (Mw = 60 kDa), 
cationic poly (allylamine hydrochloride) (PAH) (Mw = 70 kDa) and cationic poly (ethylenimine) 
(PEI) (MW = 60 kDa) dissolved at a concentration of 5 mg/ml in 0.9 M NaCl [43]. 
Each polyelectrolyte layer self-limits its thickness to ~5 nm and a refractive index of 1.49 [43] 
by forming a single monolayer. To start with, NaCl solution is pipetted onto the surface to 
establish a baseline, and is then replaced by the PEI solution after a few minutes. The PEI 
solution is removed after 8 min of incubation and the NaCl buffer is used to wash the sensor 
surface. Six alternate layers of PSS and PAH each are then stacked on top of each other, with a 
NaCl rinse step after depositing every layer. The DFB laser emits a single-mode output over a 
wide dynamic range as shown in Fig. 15. After each incubation step, the laser spectrum is 
recorded and the progression of the DFB laser wavelength shift with each deposited layer is 
shown in Fig. 16, in which each layer is stacked after 8 min of incubation of the previous layer to 
allow the PWV to stabilize. It is apparent that the first PSS-PAH double layers (~10 nm thick) 
generate a wavelength shift of ~2.8 nm while the next layers generate smaller wavelength shifts, 
showing that the sensitivity is decreasing with increasing distance of layers from the sensor 
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surface. This figure shows that a single spot on the DFB sensor surface can be used for many 
readings spanning over a long time period before it photobleaches, and hence kinetic profiles of 
the biomolecular adsorption can be studied. Moreover, the sensor wavelength shift response does 
not saturate with a ~55 nm thick stack of the polyelectrolyte layers deposited on its surface [43], 
as is evident from Fig. 16 where a PWV shift is observed with each additional polyelectrolyte 
monolayer even after deposition of eleven layers. 
 
Fig. 15: Emission spectra of the DFB laser depicting a single mode output for a broad operating range. 
 Fig. 16: Emission spectra of the 
stacked after every 8 min
5.3 Results for sensing with the 
The DFB laser biosensor is optically excited 
frequency-double Q-switched Nd:YAG
10 ns pulses), and exhibits 
snapshot of the spectral output from the DFB laser biosensor as measured by a
shown in Fig. 6, and has a PWV of ~586 nm.
linear behavior throughout the tuning range
focused into a 600 µm-diameter 
measurements and to a GWF-
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The experimental setup for the DFB laser wavelength detection contains a GWF placed in front 
of a charge-coupled device (CCD) based linear detector array, and is schematically shown in Fig. 
10. This setup provides high resolution operation with a wide wavelength range that can be 
controlled by adjusting the physical parameters of the GWF. The device can detect PWV emitted 
by the laser if wavelength is within its operating range. The location of the guided-mode 
resonance taking place on the GWF shifts lengthwise as the PWV of the incident laser beam 
changes [29]. This causes a transmission intensity minimum to be recorded on the CCD array 
just behind the resonance location. By accurately measuring the exact position of the 
transmission minimum on the CCD pixels, wavelength measurement can be made reliably.  
To detect the DFB laser emission wavelength, a 21 mm long portion of the GWF (equal in length 
to the linear CCD array) having the desired PWV range is mounted exactly above the CCD 
pixels. There are 3,000 pixels in the CCD array with a 7 µm interval between any two adjacent 
pixels. Light from the DFB laser is expanded through a beam expander in the form of a 
cylindrical beam and the whole active area of the GWF and the CCD is illuminated, as shown in 
Fig. 17(a). A linear polarizing filter is inserted in the beam path to make the incident DFB laser 
beam strictly TM polarized, and the resonances occurring in the GWF are recorded on the CCD 
pixels in the form of intensity minimum, as shown in Fig. 17(d). Resonances occur only at a 
narrow portion of the GWF depending on the spectral line width of the resonance, and the 
incident monochromatic light gets reflected from this point while all other 
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Figure 17: (a) Experimental setup for detection of wavelength generated by the DFB laser using GWF 
and CCD. Not-to-scale cross-sections of (b) DFB laser structure and (c) GWF. (d) Ideal transmission 
spectrum recorded by the CCD. 
 
portions of the GWF let the incoming light pass through to illuminate the CCD connected to a 
computer. The resulting CCD transmission intensity plot shows a dip in the pixel intensity for a 
narrow range of pixels and all other pixels show high intensity. As the wavelength of the 
incoming light varies, the resonance occurs at a different location on the GWF, and hence the 
CCD intensity plot shows a dip at a different pixel range than in the earlier case. By calculating 
the pixel number having the minimum intensity and finding the PWV at the exact location on the 
GWF that causes that resonance, the wavelength shift between the initial and the final optical 
beams can be calculated. A typical transmission intensity plot recorded on the CCD is shown in 
Fig. 18(a). The data recorded by the CCD is noisy, so boxcar averaging filter with a width of 30 
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pixels is applied to get rid of the abrupt intensity variations caused by the noise, and the data 
after the application of boxcar averaging is shown in Fig. 18(b).  
 
 
Fig. 18: Transmission intensity plots recorded at the CCD for a resonance location near the center of the 
GWF and the CCD array. (a) Before boxcar averaging. (b) After application of 30-pixels wide boxcar 
averaging filter. 
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 The transmission intensity plots
monolayers. The plots for the adjacent polyelectrolyte layers are hard to differentiate from each 
other visually because of the small amount of wavelength shift, so for clarity, only three of these 
plots are shown superimposed on each othe
stacking the PEI layer, and finally after depositing the 
changing wavelength of the incoming light beam causes the intensity
and the magnitude of this shift along the CCD pixels can be used to calculate the wavelength 
change in the incident beam.  
Fig. 19: Superimposed transmission intensity plots obtained for 
593.08 nm), after stacking the 
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5.4 Sensitivity of the GWF based system 
The sensitivity of the system is governed by the relationship between the varying wavelengths of 
the incident DFB laser beam and the pixel number on the CCD array receiving the minimum 
transmission intensity (MPV) for each wavelength. It is apparent from Fig. 12 that there is 
almost a linear change in the PWV from one end of the GWF to the other, and hence also from 
one extreme of the attached CCD to the other. Since the PWV change across the whole CCD is 
30.5 nm and there are 3000 pixels in the CCD array, sensitivity of the system to the changes in 
the incident laser wavelength is S = 30.5 nm / 3000 pixels = 10.167 pm/pixel.  
5.5 Resolution of the GWF based system 
The resolution of the system is determined by recording 25 different measurements of the 
transmission intensity dip on the CCD for an incident optical beam with a constant wavelength, 
and fitting each of the obtained intensity dips to a fourth order polynomial (that gave the least 
fitting error). A typical curve-fitted dip is shown in Fig. 20. Fitting is performed because the 
intensity minimum could not be resolved on the CCD with single-pixel resolution due to the 
wide resonance bandwidth of the GWF and noise in the system. The horizontal point for each 
fitted curve minimum, the minimum pixel value (MPV) is calculated, and is used to accurately 
compute the amount of the wavelength shift. The CCD integration time is 100 ms and recordings 
are taken after every 10 s. 
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Fig. 20: Curve fitting by a fourth order polynomial to the transmission intensity dip recorded at the CCD. 
 
Ideally, each recording should result in the same MPV, but due to noise, the MPVs are found to 
fluctuate. The plot of the obtained MPVs is shown in Fig. 21. The standard deviation (σ) of the 
MPV data set is calculated to be 10.09 pixels. Assuming a normal distribution, ∆MPV = 3σ = 
30.27 pixels, is the minimum amount of dip shift that is required to correctly differentiate 
between the shift caused by a wavelength change and the noise with an accuracy of 99.73% (as 
per the 3σ rule), and defines the system resolution. As the sensitivity of the system calculated 
previously is S = 0.010167 nm/pixel, the resolution of the system is ∆λ = 0.010167(∆MPV) = 
0.010167x30.27 = 0.308 nm = 308 pm. The wavelength of the incident laser beam is changed by 
~0.4-0.5 nm for the last few polyelectrolyte monolayers, and the measurements recorded by the 
CCD show a significant shift in the intensity dip along the CCD length, which suggests that the 
system can easily differentiate between wavelength shifts greater than 308 pm. 
 Fig. 21: Plot of MPVs and wavelengths 
incident beam with constant wavelength
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indicated. 
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CHAPTER 6: CONCLUSION AND FUTURE WORK 
In summary, a GWF has been fabricated using the nanoreplica molding process and a graded 
TiO2 thin film deposition. The structure results in a linearly varying PWV ranging from 588 nm 
to 618.5 nm based on the GMR effect caused by a linearly varying thickness of the high index 
TiO2 film. The use of this GWF in conjunction with a DFB laser biosensor for resonant-
wavelength detection based sensing has been demonstrated. The plastic based DFB laser 
incorporates a grating fabricated by nanoreplica molding and an organic gain/waveguide layer 
deposited on a PET substrate. The DFB laser actively generates a narrowband stimulated 
emission whose wavelength strongly depends on the refractive index and thickness of the 
material adsorbed to its surface. The DFB biosensor provides a large dynamic range, high 
sensitivity and a simple excitation/emission coupling without any stringent alignment 
requirements. The wavelength detection system used with the DFB laser biosensor is shown to 
be compact and cost effective, and is composed of only two components, a GWF and a linear 
CCD array. The wavelength resolution of the system is demonstrated to be 308 pm.  
The wavelength detection performance of the GWF based setup is acceptable for many 
applications that do not require very high resolution. However, many of the applications demand 
the resolution of a few picometers, for which it needs to be optimized. The fabrication process 
needs to be improved so that there are no imperfections throughout the relevant area of the GWF. 
Devices currently fabricated sometimes exhibit spots of bad fabrication, where the FWHM of the 
filter broadens, thereby decreasing the local resolution of the device. Moreover, due to the 
inherently random nature of the deposition of particles on the substrate by sputtering, the TiO2 
gradient is not found to be perfectly linear, as shown in Fig. 14. There are small nonlinearities in 
the TiO2 gradient that might introduce small errors in the calculations if a perfectly linear 
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gradient is assumed, and the magnitude of this error depends on how small is the wavelength 
shift being detected. To avoid this error, either the exact profile of the gradient needs to be 
considered, or the process for graded thin film deposition needs to be optimized, so that a 
perfectly linear gradient is obtained. The former approach is simpler than the latter, because it is 
difficult to obtain a perfectly linear graded film experimentally. Another problem is the 
significant intensity variations in the pulsed Nd:YAG laser, which cause a big standard deviation 
of the MPV on the CCD, and a resulting deterioration of the resolution. A GWF-DFB laser setup 
used with a stable pumping laser would give much better resolution. The noise on the CCD can 
possibly be reduced by using a better quality glass substrate for the GWF, and potentially 
reducing auto-fluorescence in the GWF structure by choosing appropriate materials and 
adjusting the intensity level of the incident DFB laser light beam. The optimized setup would 
then be suitable for use with any optical sensor that provides a wavelength shift in response to a 
suitable stimulus.  
The wavelength detection system discussed in this thesis can be used for a variety of applications 
including high resolution pulsed/continuous-wave laser wavelength detection and rapid testing of 
solid state light emitters. Its advantages are compactness and cost effectiveness. To further 
improve the spatial and the spectral resolution of the system, the GWFs with narrower 
reflectance bandwidth are required. A compact spectrometer can be envisioned if the sub-
nanometer resonance line widths are obtained, whereby the wavelength of the incident 
monochromatic beam will cause a narrow dip in the CCD transmission intensity spectrum. The 
dynamic range of the system can be improved in many ways without compromising the 
resolution. In one method, a longer CCD array can be used in conjunction with a GWF that has 
the same TiO2 thickness gradient but larger PWV range compared to the current case. In another 
approach, a two-dimensional CCD array can be placed just behind a GWF that is divided into 
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multiple parallel strips along its length with each strip having a different PWV range. As a 
monochromatic incident beam illuminates the whole GWF area in front of the CCD pixels, a 
dark spot will be recorded on the two-dimensional CCD array behind the strip whose PWV range 
contains the incident wavelength, and exact location of this dark spot on the CCD array will 
match the location on the GWF with the same PWV.  
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